Previously, we showed that epididymal sperm binding protein 1 (ELSPBP1) characterizes spermatozoa already dead before ejaculation in bovine. In this study, we investigated the presence of ELSPBP1 in bull genital tract as well as its acquisition by spermatozoa during epididymal transit. As assessed by real-time RT-PCR, ELSPBP1 was highly expressed in the caput and the corpus epididymis but was present in lower expression levels in the testis and the cauda epididymis. Immunohistochemistry revealed the same expression pattern. However, Western blot on tissue homogenates showed some discrepancies, as ELSPBP1 was found in a comparable concentration all along the epididymis. This difference was due to the presence of ELSPBP1 in the epididymal fluid. In both caput and cauda epididymal fluid, ELSPBP1 was associated with the epididymosomes, small membranous vesicles secreted by epithelial cells of the epididymis and implicated in the transfer of proteins to spermatozoa. As assessed by immunocytometry, ELSPBP1 was found on a subset of dead spermatozoa in caput epididymis but was found on all dead spermatozoa in cauda epididymis. To assess ELSPBP1 acquisition by spermatozoa, caput epididymal spermatozoa were incubated with cauda epididymosomes under various conditions. ELSPBP1 detection by immunocytometry assay revealed that only spermatozoa already dead before incubation were receptive to ELSPBP1 transfer by epididymosomes. This receptivity was enhanced by the presence of zinc in the incubation medium. This specificity for a sperm subpopulation suggests that an underlying mechanism is involved and that ELSPBP1 could be a tag for the recognition of dead spermatozoa during epididymal transit.
INTRODUCTION
In mammalian species, a posttesticular maturation occurring in the epididymis is essential for the production of fully functional spermatozoa. As spermatozoa proceed through the epididymal duct, they evolve in an ever-changing luminal environment because of the highly segmented nature of the epididymal epithelial secretory activities [1, 2] . This is concomitant with substantial changes in spermatozoa regarding their lipid [3] and protein [4] compositions as well as the biophysical properties of their plasma membrane [5, 6] .
It is well established that proteins secreted in a merocrine manner by principal cells of the epididymal duct interact with the sperm surface [7, 8] . However, an alternative pathway involving apocrine secretions has been observed in many species [9] [10] [11] . These secretions, named epididymosomes, are small membranous vesicles presenting a complex protein composition [12] [13] [14] . Epididymosomes show specificity as they can transfer proteins into intracellular compartments [15] or into subdomains of the plasma membrane of spermatozoa [16] . Biotinylation of surface-exposed protein of epididymosomes and further coincubation with epididymal spermatozoa has revealed that major proteins transferred form a triplet band ranging from 28 to 34 kDa after electrophoretic separation [17] . This protein transfer from epididymosomes to spermatozoa is optimal under slightly acidic pH at 378C and reaches a plateau after 150 min incubation. Presence of zinc in the incubation media has been shown to enhance the transfer. Recently, the proteins from that triplet band were analyzed by tandem mass spectrometry and most biotinylated peptides identified were from the epididymal sperm binding protein 1 (ELSPBP1) [18] .
ELSPBP1 was first described in human and dog as a spermbinding protein of epididymal origin containing four tandemly arranged fibronectin type 2 (Fn2) modules [19] . Since then, orthologs have been identified in horse [20] , pig [21, 22] , and bovine [23] . Interestingly, no genomic sequences encoding ELSPBP1 were found in both rat and mouse [22, 24] . To date, ELSPBP1 function remains elusive but its sequence similarity with binder of sperm proteins (BSPs) gives some clues on its properties [22] . BSPs are secreted products of seminal vesicles and the most abundant proteins of seminal plasma in bovine [25] . Upon ejaculation, BSPs bind to the choline head group of sperm membrane phospholipid through their two tandemly arranged Fn2 domains [26] . Sequence comparison between BSPs and ELSPBP1 Fn2 domains indicates a similar secondary structure and that amino acids residues involved in lipid binding are conserved [20, 22, 23] . This suggests a similar interaction mode between ELSPBP1 and the sperm plasma membrane. However, their distinct spatial expression pattern in the male reproductive tract suggests different roles for ELSPBP1 and BSPs in sperm physiology.
Recently, we identified ELSPBP1 among proteins that were more abundant in sperm extracts from subfertile bulls [27] . Further investigations showed that ELSPBP1 was in fact exclusively associated with sperm that were already dead before ejaculation [28] . Now, it is of interest to know if epididymosome-mediated transfer of ELSPBP1 is the only mechanism responsible for the acquisition of this protein by spermatozoa. If so, the question arises as to whether ELSPBP1 is transferred by epididymosomes to dying or to already dead spermatozoa. In this study, we demonstrate that only alreadydead spermatozoa are receptive to ELSPBP1 transfer by epididymosomes.
MATERIALS AND METHODS

Biological Material
Bovine tissues were obtained at the slaughterhouse. Immediately after slaughter, the testis and attached epididymis were put on ice and brought to the laboratory within 2 h. Epididymides were dissected on arrival in different segments depending on the experiment to be performed, as illustrated in Figure  1A . Pieces of tissues were snap frozen in liquid nitrogen and kept at À808C until used for RNA and protein extractions. Only epididymides with sperm reservoir, as evaluated by the presence of swollen tubule in the distal cauda portion, were used in this study. Freshly ejaculated semen from mature Holstein bulls was generously provided by L'Alliance Boviteq Inc. and met the minimal quality controls required by the artificial insemination industry.
RNA Extraction from Bovine Testis and Epididymis and Real-Time RT-PCR Analysis
Snap-frozen pieces of testicular and epididymal tissues from three bulls of known fertility were ground with a mortar and total RNA was isolated with RNeasy Mini Kit (Qiagen) according to the manufacturer's instructions. RNA integrity was assessed by agarose gel electrophoresis and then reverse transcribed using Superscript II enzyme and random primers (Invitrogen). ELSPBP1 and housekeeping genes a-tubulin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were amplified by standard PCR using Taq DNA polymerase enzyme (NEB) and analyzed on agarose gel to assess presence of genomic DNA in each extract. Primer sequences and specific PCR conditions for all targeted candidates are found in Table 1 . For standard PCR amplification, the general reaction steps were as follows: initial denaturation/ enzyme activation at 958C for 5 min followed by 35 cycles of denaturation at 958C for 30 sec, annealing for 30 sec (see Table 1 for temperature), and extension at 728C for 45 sec. The amplified PCR products were electrophoresed on agarose gel, purified using the QIAquick PCR purification kit (Qiagen), and sequenced by the core facility of our institution (CHUQ Research Center).
LightCycler FastStart DNA Master SYBR Green 1 kit (Roche) was used for cDNA quantification by real-time PCR. The reaction conditions were as follows: initial denaturation/enzyme activation step at 958C for 10 min, and 40 PCR cycles as follows: 5 sec denaturation at 958C, 5 sec annealing (see Table 1 for temperature), and 20 sec elongation at 728C. Expression data were normalized with two housekeeping genes (GAPDH and a-tubulin) based on relative quantification approach proposed by Fraga et al. [29] . All PCR products were analyzed on agarose gel.
Protein Extraction from Bovine Testis and Epididymis and Western Blot Analysis
Tissue pieces of bovine testis and different epididymal segments were homogenized in 1% SDS in water and centrifuged at 16 000 3 g for 20 min at room temperature. Supernatants were diluted in SDS-PAGE sample buffer and separated by one-dimension electrophoreses on the basis of equivalent quantity of proteins per lane as determined by protein assay kit (BioRad) using bovine serum albumin (BSA) as standard. Proteins were transferred to a nitrocellulose membrane (Amersham, GE HealthCare) using a semidry graphite blotter system (Pharmacia). Nitrocellulose membranes were blocked 1 h at room temperature in PBS (137 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 , pH 7.3) supplemented with 0.1% Tween-20 and 5% (w/v) defatted milk and incubated for 2 h with purified rabbit anti-recELSPBP1 bovine [28] diluted to 1 lg/ml in the blocking solution. The immune complex was revealed using goat anti-rabbit second antibody coupled with horseradish peroxidase (dilution 1:5000; Jackson ImmunoResearch) and ECL as peroxidase substrate (Amersham). Membranes were blotted again with 1:50 000 diluted mouse antia-tubulin (clone DM1A; cat. no. T9026; Sigma Aldrich) as first antibody and 1:5000 diluted goat anti-mouse horseradish peroxidase coupled as secondary antibody (Jackson ImmunoResearch).
ELSPBP1 Immunolocalization in Testis and Epididymis
Tissue pieces from testis and different epididymal segments were fixed for 3 days at 48C in 4% paraformaldehyde in PBS and embedded in paraffin by the core facility of our institution (CHUQ Research Center). Six-micrometer histological sections were soaked in 3% hydrogen peroxide in methanol for 20 min to neutralize endogenous peroxidases and blocked with 5% goat serum in PBS. Sections were incubated with 3 lg/ml anti-recELSPBP1 immunoglobulin G (IgG) in PBS supplemented with 0.5% goat serum followed by incubation with biotinylated goat anti-rabbit IgG and revealed with ABC Vectastain kit FIG. 1. A) Different segments of the bovine epididymis from which tissue extracts were prepared to study ELSPBP1 distribution. Modified from Frenette et al. [52] with permission. B) Real-time PCR quantification of ELSPBP1 on total RNA of testis and caput, corpus, and cauda epididymis. Results are normalized using a-tubulin and GAPDH as housekeeping genes. Mean 6 SD values of RNA preparations from three different bulls of known fertility. C) Western blot detection of ELSPBP1 in protein extracts from bovine testis and different segments of the epididymis according to A. D) Western blot detection of ELSPBP1 in protein extracts from a refined subdivision of the caput epididymis. For C and D, a-tubulin was used as a loading control and molecular mass standards are indicated on the left.
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(Vector Laboratories). Purified IgGs from unchallenged rabbit were used as negative control.
Sperm Collection and Epididymosome Preparation from Bovine Epididymis
Caput and cauda epididymal fluids were recovered as previously described [13] . Briefly, a few tubules were neatly cut with a razor blade in the distal part of the dissected caput epididymis, and fluid was recovered by applying pressure. This procedure was applied with great care to avoid blood or tissue contamination. Intraluminal fluid from the cauda epididymis was obtained by retrograde flushing by applying air pressure with a syringe in the scrotal segment of the vas deferens. For spermatozoa recovery, fluids containing spermatozoa were diluted in Sp TalpM (Sp TalpH described by GalantinoHomer et al. [30] with HEPES replaced by 4-morpholineethanesulfonic acid and pH adjusted to 6.5: 114 mM NaCl, 3.1 mM KCl, 2 mM NaHCO 3 , 0.3 mM NaH 2 PO 4 , 2 mM CaCl 2 , 0.5 mM MgCl 2 , 10 mM sodium lactate, 0.2 mM pyruvate, 10 mM 4-morpholineethanesulfonic acid, 1 mg/ml polyvinyl alcohol) and washed once by centrifugation at 300 3 g for 5 min.
For epididymosome recovery, the fluid was diluted in 0.15 M NaCl and centrifuged at 1000 3 g to remove spermatozoa and twice at 4000 3 g for 20 min to remove any cellular debris. The second 4000 3 g supernatant was subjected to ultracentrifugation at 120 000 3 g in a swinging bucket rotor (MLS-50; Beckman) at 48C for 2 h. The pellet containing epididymosomes was resuspended in 0.15 M NaCl and centrifuged again at 120 000 3 g at 48C for 2 h. The final pellets containing epididymosome fractions were frozen at À808C until use for incubation with caput spermatozoa. These preparations contain small membranous vesicles free of contamination, as shown by previous electron microscopy studies [14, 18] . Aliquots from total fluid, ultracentrifuged fluid, and epididymosomes from three distinct preparations were kept for analysis by SDS-PAGE. Five micrograms of proteins from epididymal fluid was loaded per lane as well as the corresponding volume of supernatants and epididymosomes recovered after ultracentrifugation. The gels were stained with Coomassie brilliant blue R-250 (Bio-Rad) or transferred to a nitrocellulose membrane for analysis by Western blot for the presence of ELSPBP1.
Deglycosylation with Peptide N Glycosidase F
Washed spermatozoa collected in the distal caput and cauda epididymal segments, as well as ejaculated sperm, were treated with 1% SDS in water for 15 min at room temperature and centrifuged for 10 min at 4000 3 g, and supernatant was submitted to peptide N glycosidase F (PNGase F) digestion as recommended by the manufacturer (Sigma Aldrich). Briefly, sperm protein extracts were diluted in 50 mM Na 2 HPO 4 , pH 7.4, containing 0.1% SDS and 10 mM b-mercaptoethanol, and heated at 1008C for 2.5 min. After addition of Triton X-100 at a final concentration of 0.8%, denatured protein extracts were divided into two aliquots and incubated for 16 h at 378C with or without PNGase F. The deglycosylated and control protein samples were analyzed by SDS-PAGE followed by Western blotting using the anti-recELSPBP1 and antia-tubulin antibodies. Alternatively, spermatozoa were sorted by fluorescence-activated cell sorting (FACS). After cell sorting, 10-ll aliquots were deposited on microscopic slides and Hoechst 33342, immune complexes (Alexa Fluor 488), and Viability Red probe were visualized with a Zeiss Axioskop 2 plus microscope equipped with XF02, XF71, and XF41 filters (Omega Optical).
ELSPBP1 Immunocytometry on Epididymal Spermatozoa
Incubation of Caput Epididymal Spermatozoa with Cauda Epididymosomes
The in vitro assay of ELSPBP1 transfer from epididymosomes to spermatozoa was performed according to optimal conditions described by Frenette et al. [17] with slight modifications. For each condition, 30 3 10 6 washed spermatozoa from caput epididymis were first incubated for 10 min at room temperature in 2 ml Sp TalpM containing 2 ll working solution of Viability Red. Spermatozoa were washed by centrifugation and resuspended in Sp TalpM at a concentration of 200 3 10 6 spermatozoa/ml containing or not containing cauda epididymosomes (700 lg proteins/ml) in a volume of 150 ll. Spermatozoa were incubated with epididymosomes in the presence of either 1 mM ZnCl 2 , 10 mM EDTA, or both, for 150 min at 378C. Spermatozoa were washed once by centrifugation in Sp TalpM and treated for ELSPBP1 detection by flow cytometry as described above. The use of two spectrally distinct viability probes (Viability Red before and Viability Near-IR after incubation with epididymosomes) allows discrimination of spermatozoa already dead before incubation from those that died during the experiment.
Statistical Analysis
Real-time RT-PCR and flow cytometry results were expressed as mean 6 SD. Effect of epididymosomes on immunodetection of ELSPBP1 on dead spermatozoa and effect of zinc on ELSPBP1 transfer by epididymosomes were analyzed by a two-way ANOVA followed by Student t-tests using SAS 9.2 software. Normality was assessed by the Shapiro-Wilk test and homogeneity was assessed by a residual plot. Differences were considered significant at P , 0.01.
RESULTS
Expression of ELSPBP1 in Testis and Epididymis
In order to get clues on the possible acquisition mechanisms of ELSPBP1 by spermatozoa, a comprehensive evaluation of the presence of ELSPBP1 in the male genital tract was undertaken. The objective was to assess possible testicular origin of ELSPBP1 and alternative pathways of secretion in epididymis. At the transcriptional level, real-time PCR on ELSPBP1 TAG DEAD SPERMATOZOA reverse-transcribed RNA extracts from testis and different segments of the epididymis revealed that ELSPBP1 was highly expressed in caput and corpus epididymis but present at much lower expression levels in the testis and cauda epididymis (Fig.  1B) . Although testis and cauda epididymis presented low levels of expression compared to proximal regions of epididymis, further analysis of amplicons on agarose gel confirmed that ELSPBP1 was nevertheless expressed in these regions (data not shown). As previously described [28] , we produced a polyclonal antiserum against a truncated bovine recombinant ELSPBP1. Purified anti-recELSPBP1 was used in Western blot analysis of proteins extracted from testis and different segments of the epididymis (Fig. 1C) . In the testis, ELSPBP1 was not detectable. In the epididymis, a major doublet band migrating close to the 31-kDa molecular mass standard was detected in comparable concentration in all sections except for the proximal region of the caput, where the signal was fainter. Minor bands were also detected slightly below the 66-and 97-kDa molecular mass standards and around 25 kDa. A more refined subdivision of the caput epididymis showed that ELSPBP1 became detectable in the late proximal region and reached full expression in the distal part (Fig. 1D) .
At the histological level, ELSPBP1 was detectable in the testis and all along the epididymis (Fig. 2) . In the testis, a slight staining was detected in some peritubular cells but no staining was detectable in the seminiferous tubules. In caput and corpus epididymis, ELSPBP1 was uniformly distributed in the cytoplasm of principal cells and visible in the intraluminal compartment associated with spermatozoa. In cauda epididymis, the staining was generally fainter than upstream epididymal sections, but some cells showed a stronger staining on their apical pole. As in caput and corpus sections, staining was also visible in the intraluminal compartment of cauda epididymal sections.
Intraluminal fluids from the distal regions of caput and cauda epididymis were recovered and assessed by Western blot for the presence of ELSPBP1 in the soluble and epididymosome fractions (Fig. 3) . Alternatively, proteins were separated by SDS-PAGE and stained with Coomassie brilliant blue to assess presence of proteins in each fraction (Fig. 3) . As in the epididymal tissue sections, ELSPBP1 was immunodetected as a doublet band close to the 31-kDa molecular mass standard in the total epididymal fluid from both caput and cauda regions. ELSPBP1 was absent from an equivalent volume of ultracentrifuged fluids, which are devoid of epididymosomes. However, ELSPBP1 was detected in comparable concentration in an equivalent quantity of epididymosomes for both caput and cauda regions. Absence of ELSPBP1 from the soluble fraction of epididymal fluids suggests that epididymosomes are the only pathway responsible for the presence of ELSPBP1 on spermatozoa.
Western blot with anti-recELSPBP1 on protein extracts from caput and cauda epididymal spermatozoa as well as ejaculated sperm revealed the presence of a doublet band close to 31 kDa (Fig. 4) . The apparent molecular mass of ELSPBP1 on sperm is consistent with the one observed in epididymal tissues and fluids (;31 kDa), but is higher than the theoretical molecular mass computed from the amino acid sequence with and without the peptide signal (26.0 kDa and 23.4 kDa respectively). Apparent molecular mass higher than the one predicted from the amino acid sequence and immunodetection of a doublet band by Western blot suggested the presence of a posttranslational modification. Using Expasy's GlycoMod tool (http://web.expasy.org/ glycomod/), putative N-glycosylation motifs were detected in amino acid positions 86-88 and 195-197. In order to determine if N-glycosylation is responsible for the apparent higher molecular mass observed by Western blot, protein extracts from caput and cauda epididymal and ejaculated spermatozoa were treated with PNGase F. As shown in Figure  4 , deglycosylation resulted in a decrease of ELSPBP1 molecular mass from a doublet band of ;31 kDa to a single band of ;25 kDa as detected by Western blot.
To determine ELSPBP1 association with a particular sperm subpopulation during epididymal maturation, multichannel flow cytometry was used to read combined fluorescence of ELSPBP1 immunodetection and a viability probe (Fig. 5) . In both caput and cauda spermatozoa, ELSPBP1 was always detected on dead spermatozoa. However, whereas ELSPBP1 was found only on a subset of dead spermatozoa in caput epididymis, ELSPBP1 was associated with all dead spermatozoa in cauda epididymis. In every experiment, the percentage of ELSPBP1 positive spermatozoa was lower in the caput than the cauda sections (2.5% 6 0.5% in caput vs. 6.5% 6 3.9% in cauda; n ¼ 3), suggesting accumulation of ELSPBP1-positive cells during epididymal transit.
ELSPBP1 Binding on Spermatozoa
The fact that ELSPBP1 is absent from an important proportion of caput dead spermatozoa but is further associated to all dead spermatozoa in cauda epididymis strongly suggests that dead spermatozoa will acquire ELSPBP1 from epididymosomes during epididymal transit. However, this cannot rule out the possibility that dying but still living spermatozoa can bind ELSPBP1 before death. In order to assess these possibilities, spermatozoa recovered from caput epididymis were coincubated with cauda epididymosomes under conditions previously described to favor protein transfer from epididymosomes to spermatozoa [17] , which included the presence of zinc ions in the incubation medium. Presence of ELSPBP1 on sperm was then assessed by flow cytometry. To discriminate spermatozoa already dead before coincubation with epididymosomes from those that died during coincubation, spermatozoa were incubated with a first viability dye (Viability Red) prior to coincubation with epididymosomes. Following coincubation with epididymosomes, spermatozoa were incubated with a second viability dye (Viability Near-IR) spectrally distinct from the first one. Figure 6A shows how these two kinds of dead spermatozoa were discriminated by the two viability probes. Figure 6B shows an overview of ELSPBP1 transfer to the different sperm populations defined in 6A. When caput spermatozoa were incubated for 2.5 h with cauda epididymosomes, only a subset of the dead population was receptive to ELSPBP1 transfer by epididymosomes (Fig. 6B) . Presence of 1 mM ZnCl 2 in the coincubation medium increased the number of spermatozoa receptive to ELSPBP1. In fact, addition of zinc in the incubation medium induced the transfer of ELSPBP1 to all spermatozoa that were already dead before incubation, but not to those that died during incubation (Fig. 6B) . When 10 mM EDTA, a divalent cation chelator, was added to the coincubation medium together with 1 mM ZnCl 2 , the percentage of spermatozoa receptive to ELSPBP1 transferred by epididymosomes was comparable to that in control medium with epididymosomes but without ZnCl 2 (Fig. 6B) . EDTA itself had no effect on sperm receptivity to ELSPBP1, as it showed comparable results obtained without ZnCl 2 (data not shown). Figure 7 shows median fluorescence intensity (MFI) following immunodetection of ELSPBP1 by flow cytometry of the sperm populations already dead (A) before coincubation with epididymosomes and those that died during coincubation (B) for each condition shown in Figure 6B . Figure 7B shows a general but small increase of fluorescence independent of zinc for the sperm population that died during coincubation with epididymosomes. This shows that these spermatozoa nonetheless possess limited receptivity for ELSPBP1 transfer by epididymosomes.
To assess localization of in vitro-transferred ELSPBP1 by epididymosomes on spermatozoa, the four sperm subpopulations detected following coincubation with epididymosomes in the presence of zinc were sorted by FACS and immune complexes were visualized by fluorescence microscopy (Fig.  8) . Endogenously positive sperm for the presence of ELSPBP1 showed strong fluorescence signal over the acrosomal region and the midpiece, with a fainter staining on the posterior ring and along the rest of the flagella. Spermatozoa receptive to ELSPBP1 transfer by epididymosomes showed similar staining pattern but with lower intensity, as green fluorescence was detected over the acrosomal region as well as on the midpiece. For both living spermatozoa and those that died during incubation, no specific staining was detected. For the negative control, spermatozoa incubated with rabbit IgG as first antibody showed a faint staining over the entire head for both alive and dead sperm, which is attributed to an overlap of Hoechst 33342 in the green filter. 
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DISCUSSION
Previously, ELSPBP1 was identified by proteomic approaches in two independent studies from our laboratory. Initially, ELSPBP1 was identified as a major protein transferred from epididymosomes to spermatozoa during epididymal maturation [17, 18] . More recently, ELSPBP1 was shown to negatively correlate with bull fertility [27] , and further investigations showed that ELSPBP1 was in fact associated with the sperm population already dead before ejaculation [28] . In this study, we further investigated the origin of the protein on sperm during epididymal transit as well as its association with dead spermatozoa. Although occurring at a low level, ELSPBP1 is expressed in the testis, and this result is consistent with previous findings [24] , suggesting a possible testicular origin of ELSPBP1-associated spermatozoa. However, the presence of ELSPBP1 in the testis is limited to punctual points of the peritubular area, which rules out the possible testicular origin of ELSPBP1 on sperm. In the epididymis, ELSPBP1 showed a proximal expression pattern with high levels of transcripts found in the caput and corpus sections, but with very limited expression in the cauda. This is consistent with previous observations in human, canine, and boar [19, 22] , but shows some discrepancy with equine, where ELSPBP1 expression is low in the caput but higher in corpus and cauda sections [20, 21] . At the histological level, a general labeling of the principal cells is observed in caput and corpus epididymis, but a difference is visible in the cauda, as principal cells showed a general weaker signal with a cell subtype showing a stronger staining at their apical pole. Because this change in localization is concomitant with an important decrease of ELSPBP1 expression, secretion of ELSPBP1 in the intraluminal compartment of the cauda epididymis might be altered for the benefit of an alternative pathway.
In the epididymal intraluminal fluid from both caput and cauda sections, ELSPBP1 is restricted to epididymosomes, being undetectable in the soluble fraction of the fluid. Thus, it is likely that epididymal origin of ELSPBP1 on spermatozoa is exclusively due to transfer by epididymosomes. Because ELSPBP1 shows low levels of expression in the distal part of the epididymis, it suggests that epididymosomes bearing ELSPBP1 in the cauda are accumulated secretions from upstream regions of the epididymis and do not represent the whole population of epididymosomes found in the cauda epididymis. Moreover, because ELSPBP1 presence in the epididymis reaches full expression in the distal caput, then shows comparable concentration all along the corpus and the cauda, function associated with ELSPBP1 must not be associated with a specific stage of sperm maturation, but rather to a more general purpose.
As observed by flow cytometry, ELSPBP1 is exclusively associated with both caput and cauda epididymal dead sperm subpopulation. Although ELSPBP1 characterizes only a subset of dead spermatozoa from the caput population, it characterizes all dead spermatozoa from the cauda population. In vitro coincubation of caput epididymal spermatozoa with cauda epididymosomes reveals that only spermatozoa already dead before incubation are receptive to ELSPBP1 transfer and that presence of zinc ions enhances this mechanism. As assessed by fluorescence microscopy, this transfer occurs on the acrosomal region and along the midpiece. This fluorescence pattern ELSPBP1 TAG DEAD SPERMATOZOA corresponds to the localization of the endogenously acquired ELSPBP1, confirming that in vitro transfer of ELSPBP1 from epididymosomes to spermatozoa mimics the mechanism occurring in vivo. Thus, it appears that following their death in the epididymis, spermatozoa become receptive to ELSPBP1 transfer by epididymosomes.
Interestingly, the sperm subpopulation that died during incubation was not receptive to ELSPBP1 transfer by epididymosomes. This difference of receptivity between these two kinds of dead spermatozoa suggests that the dead state of the cell is not the direct factor and that presence of a specificity mechanism allowing recognition of the right targeted cell is implicated. Because receptive spermatozoa were in contact with the epididymal fluid in their dead state, whereas this was not the case for those that died during coincubation with epididymosomes, we hypothesize that other factors in the soluble fraction of the epididymal fluid contribute to the binding specificity of ELSPBP1 to dead spermatozoa. Many somatic cell apoptosis markers such as active caspases have been identified in ejaculated sperm from different mammalian species, including bovine and human [31, 32] . Presence of apoptotic markers has also been reported in the epididymal fluid [33] . Extrinsic pathways of apoptosis could be activated through proapoptotic ligands present in the epididymal fluid, to which ELSPBP1 would be a downstream component.
Recently, zinc was shown to be involved in the acquisition of epididymal proteins CRISP 1 and MMSDH by spermatozoa in rat [34, 35] . In our study, zinc was shown to be an important cofactor in the transfer mechanism of ELSPBP1 to spermatozoa by epididymosomes. This appears to be specific to zinc, because incubation media already contain comparable concentrations of other divalent cations (calcium and magnesium) and the effect of zinc is completely abolished by the presence of a divalent cationic chelating reagent. Although fewer spermatozoa were receptive to ELSPBP1 transfer in the absence of zinc ions in the incubation medium, receptive spermatozoa were still those already dead before coincubation. That ELSPBP1 transfer by epididymosomes showed specificity for the same subpopulation of spermatozoa in absence or presence of zinc suggests that zinc acts on the transfer mechanism rather than on the specificity mechanism. In male reproductive organs, the concentration of zinc in the epididymal tissue is surpassed only by that in the prostate [36] . Histological localization of zinc ions in different sections of rat [37] and bovine [38] epididymis reveals that zinc ions are barely present in the caput but highly present in the apical region of principal cells in the cauda. This indicates that zinc concentration is differently modulated between proximal and distal regions of the epididymal lumen, which is susceptible to modulate transfer efficiency of ELSPBP1 by epididymosomes to spermatozoa during epididymal transit.
ELSPBP1 is not the first protein shown to be associated with defective sperm. In hamster, a glycoprotein secreted in the cauda epididymis identified as fibrinogen-related protein (fgl2) is found exclusively on nonviable spermatozoa, forming a ''death cocoon'' around abnormal spermatozoa [39, 40] . It was proposed that fgl2 is part of a protective mechanism that shields the viable sperm population from potentially deleterious enzymes released by dying spermatozoa [40] . In bull and human semen, clusterin is a glycoprotein associated with morphologically abnormal spermatozoa [41, 42] . In bovine, clusterin from epididymal fluid and spermatozoa show similar molecular weight and carbohydrate content [43] , suggesting that clusterin-associated sperm originates from the epididymis. In bovine, ubiquitin is secreted by the epididymal epithelium and is found on the surface of defective sperm [44] . Based on the fact that cultured principal cells are capable of spermiophagy, it was proposed that sperm surface ubiquitination leads to phagocytotic elimination by the epididymal epithelium [44] . However, this proposal is not widely accepted because there are few lines of evidence that epididymal epithelium is active in sperm absorption [45] . Alternatively, it has been proposed that ubiquitin could prevent the anchorage of other proteins to the defective sperm plasma membrane [46] . Collectively, these observations provide lines of evidence for the presence of a mechanism for the recognition of defective spermatozoa in the epididymis. As for ELSPBP1, both clusterin and ubiquitin are associated with epididymosomes in human and bovine [14, 47] . This suggests a key role for epididymosomes in that defective sperm recognition mechanism. Although ELSPBP1 function remains unknown, the fact that the protein is specifically transferred to dead spermatozoa during epididymal transit implies a need to label such defective sperm. As just mentioned for other proteins, proposed functions for ELSPBP1 could be to protect viable spermatozoa from degenerating ones or to dispatch the latter to degradation pathways. 
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FIG. 8. Immunofluorescence localization of ELSPBP1 following coincubation of caput epididymal spermatozoa with cauda epididymosomes in presence of 1 mM ZnCl 2 . Spermatozoa were incubated with two spectrally distinct viability probes, one before (Viability Red) and after (Viability Near-IR) coincubation with epididymosomes, to discriminate spermatozoa already dead from those that died during incubation. Spermatozoa were treated for immunofluorescence detection of ELSPBP1 with GAR Alexa 488 as secondary antibody and analyzed by flow cytometry. Spermatozoa incubated with rabbit IgG as first antibody were used as negative control. Hoechst 33342 was used to discriminate debris from spermatozoa. A) Spermatozoa were sorted by FACS according to their viability status (Viability Red and Viability Near-IR) and their presence of ELSPBP1 (Alexa Fluor 488) . B) Fluorescence pattern of ELSPBP1 on the different subpopulations described in A. Representative data of three distinct experiments. Bar ¼ 10 lm.
ELSPBP1 TAG DEAD SPERMATOZOA ELSPBP1 contains four tandemly arranged Fn2 modules and shows high interspecies sequence identity [19] . The first and second Fn2 domains of ELSPBP1 are similar to those of BSP1, whereas its third and fourth Fn2 domains are similar to those of matrix metalloproteinases 2 and 9 [22, 24] . The secreted product of seminal vesicle and major protein of seminal plasma in bovine, BSP1 binds to spermatozoa at ejaculation through its two Fn2 domains [26, 48, 49] . Sequence comparison with BSP1 Fn2 domains has shown that amino acid-forming phosphorylcholine-binding pockets are strictly conserved in the two N-terminal Fn2 domains of ELSPBP1 [20, 22, 23] . As for BSP1, it has been experimentally determined in equine, porcine, and bovine that ELSPBP1 shows affinity for phosphorylcholine [20, 22, 23] . However, here stop similarities between the two proteins, because BSP1 shows affinity for all types of spermatozoa [48] whereas ELSPBP1 binds only to dead ones. Such difference could be explained by different acquisition mode, because ELSPBP1 is associated only with epididymosomes in epididymal fluid, whereas BSP1 is highly concentrated in the soluble fraction of seminal plasma [50] . BSP1 and ELSPBP1 also show different posttranslational modifications. As revealed by PNGase F treatment of sperm protein extracts followed by SDS-PAGE, ELSPBP1 is expressed in the epididymis as two N-linked glycoforms. Interestingly, only the human ELSPBP1, but not the porcine ortholog, carries N-glycans [22] . BSP1 is secreted as a mixture of nonglycosylated and O-glycosylated molecules [51] . Thus, if ELSPBP1's anchoring mode on sperm can be explained by its first two Fn2 domains, it is likely that its exclusive properties and potential function in dead sperm tagging are mediated by its C-terminal Fn2 domains as well as its N-linked carbohydrate content.
In conclusion, ELSPBP1 is secreted by principal cells of the epididymis in association with epididymosomes, which specifically transfer ELSPBP1 to dead sperm in the presence of zinc. These results provide further evidences for the presence of a quality control mechanism in the epididymis and open unexpected paths of researches in our quest for the understanding of male fertility.
